The damaged vestibular sensory epithelium of mammals has a limited capacity for spontaneous hair cell regeneration, which largely depends on the transdifferentiation of surviving supporting cells. Little is known about the response of vestibular supporting cells to a severe insult. In the present study, we evaluated the impact of a severe ototoxic insult on the histology of utricular supporting cells and the changes in innervation that ensued. We infused a high dose of streptomycin into the mouse posterior semicircular canal to induce a severe lesion in the utricle. Both scanning electron microscopy and light microscopy of plastic sections showed replacement of the normal cytoarchitecture of the epithelial layer with a flat layer of cells in most of the samples. Immunofluorescence staining showed numerous cells in the severely damaged epithelial layer that were negative for hair cell and supporting cell markers. Nerve fibers under the flat epithelium had high density at the 1 month time point but very low density by 3 months. Similarly, the number of vestibular ganglion neurons was unchanged at 1 month after the lesion, but was significantly lower at 3 months. We therefore determined that the mouse utricular epithelium turns into a flat epithelium after a severe lesion, but the degeneration of neural components is slow, suggesting that treatments to restore balance by hair cell regeneration, stem cell therapy or vestibular prosthesis implantation will likely benefit from the short term preservation of the neural substrate.
Introduction
The mammalian vestibular sensory epithelium undergoes a limited amount of spontaneous hair cell (HC) regeneration after damage (Burns et al., 2012; Forge et al., 1993 Forge et al., , 1998 Golub et al., 2012; Kawamoto et al., 2009; Slowik and BerminghamMcDonogh, 2013; Tanyeri et al., 1995; Wang et al., 2015; Warchol et al., 1993) . The regenerated HCs are largely derived by transdifferentiation of surviving supporting cells (SCs) (Lin et al., 2011; Slowik and Bermingham-McDonogh, 2013; Wang et al., 2015) . Therefore, the surviving SCs are potential targets for treatments to enhance the spontaneous HC regeneration, which is otherwise incomplete.
The models initially used for studying HC regeneration in the mammalian vestibular epithelium were mostly based on aminoglycoside ototoxicity which eliminated all or most HCs but spared SCs (Forge et al., , 1998 Kawamoto et al., 2009 ). More recently, the Pou4f3 DTR mouse has become a useful model for HC elimination in the cochlea and the vestibular epithelium (Cox et al., 2014; Golub et al., 2012) . After the administration of diphtheria toxin (DT) in Pou4f3 DTR mice, HCs are lost in a cell autonomous fashion, sparing the SCs, in both auditory and vestibular systems (Golub et al., 2012; Tong et al., 2015) . A severe ototoxic insult may damage both HCs and SCs, leading to a flat epithelium (FE) as seen in the cochlea and in some cases of severe degeneration in human ears (McCall et al., 2009) . Although the effects of severe HC lesions on the SCs are well characterized in the auditory epithelium Morais et al., 1988; Nadol and Eddington, 2006; Oesterle, 2013; Pawlowski et al., 2006; Raphael et al., 2007; Shibata et al., 2010; Taylor et al., 2012) , this is not the case in the Abbreviations: DAPI, 4 0 ,6-diamidino-2-phenylindole; DT, diphtheria toxin; FE, flat epithelium; HC, hair cell; IVGN, inferior vestibular ganglion neurons; PBS, phosphate buffered saline; SC, supporting cell; SEM, scanning electron microscopy; SVGN, superior vestibular ganglion neuronsutricle.
It is unclear whether a severe ototoxic insult to the vestibular epithelia can lead to a FE and how such severe lesions affect the neural substrates of these organs. Because the remaining SCs are the substrate for regenerative approaches and the survival of neurons is a prerequisite for recovery of function, the effects of severe injury on vestibular SCs and on the neural substrates of the vestibular end organs need to be better understood. In this study, we induced a severe lesion in the mouse utricle by local perfusion of a high dose of streptomycin. We found that the normal cytoarchitecture of the vestibular sensory epithelium was replaced by a monolayer of very thin flat cells of irregular contour as previously shown in the severely deafened cochlea. We found that despite the loss of HCs and appearance of a FE, many nerve fibers remained in the epithelium and the superior vestibular ganglion neurons (SVGN, the superior division of vestibular ganglion neurons) survived for at least 3 months.
Materials and methods

Animals and surgery
All animal experiments in this work were approved by the University of Michigan Institutional Animal Care and Use Committee (IACUC) and were performed using acceptable veterinary standards. Female CD-1 mice at the age of 3e4 weeks were purchased from Charles River Laboratories International Inc. (Wilmington, MA, USA) and were housed at the animal care facility at the University of Michigan. The animals were 4e5 weeks old at the beginning of the experiment. We administered a high dose of streptomycin (400 mg) into their left ears via the posterior semicircular canal to induce a severe lesion in the vestibular epithelium. Streptomycin powder was purchased from X-gen Pharmaceuticals Inc. (Northport, NY, USA) and was dissolved in normal saline. The surgical procedure was described previously (Wang et al., 2010) , except that here, 400 mg streptomycin (2 ml at 200 g/l or 1 ml at 400 g/l) was used. Mice were sacrificed at 1 month or 3 months after surgery. Surgeries were only performed on left ears; right ears were used as controls.
Immunofluorescence staining
Once deeply anesthetized with an intraperitoneal injection of xylazine (7 mg/kg) and ketamine HCl (120 mg/kg), animals were decapitated and the temporal bones removed and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 2 h. Utricles were dissected out and treated with 0.3% Triton X-100 in PBS for 15 min. For F-actin labeling, samples were incubated with Alexa Fluor 488-conjugated phalloidin (diluted 1:300, Invitrogen, A12379) for 30 min. For staining with primary antibodies, samples were blocked using 10% normal donkey serum (Jackson ImmunoResearch, West Grove, PA, USA) and 0.1% bovine serum albumin in PBS for 1 h at room temperature. Tissues were then incubated overnight at 4 C in primary antibodies. The following primary antibodies were used: rabbit anti-Myosin VIIa antibody (diluted 1:300, Proteus BioSciences Inc., 25-6790), goat anti-Sox2 antibody (diluted 1:300, Santa Cruz, SC-17320) and rabbit antineurofilament 200 (diluted 1:400, Sigma-Aldrich, N4142). After rinsing in PBS, samples were incubated in fluorescence-labeled secondary antibodies (Alexa Fluor 488 or 594, Invitrogen) at a dilution of 1:300 for 45 min at room temperature. When visualization of the nucleus was required, the DNA-binding fluorescent stain 4 0 ,6-diamidino-2-phenylindole (DAPI) was used. After staining, specimens were mounted on glass slides with Fluoro-Gel mounting media (Electron Microscopy Sciences, Hatfield, PA, USA), and examined with a Zeiss LSM 510-META Laser Scanning Confocal Microscope. Confocal images were cropped, labeled, and spaced with Zeiss LSM Image Browser software and Adobe Photoshop software.
Scanning electron microscopy (SEM)
Mice were anesthetized as described above and fixed by intracardiac perfusion of 2% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in 0.15M cacodylate buffer. Temporal bones were removed and utricles were dissected out and incubated in the same fixative for 2 h. The OTOTO method was used for tissue proceeding for SEM (Davies and Forge, 1987; Kawamoto et al., 2009; Osborne and Comis, 1991) . Then, samples were dehydrated with graded series of ethanol solutions, critical point dried, mounted on stubs using silver paste, studied and photographed using an Amray FE 1910 SEM.
Plastic sections
Animals were deeply anesthetized and perfused as described above. The temporal bones were removed and decalcified in 3% EDTA solution with 0.25% glutaraldehyde for 1 week. Subsequently, the samples were embedded in JB-4 (Electron Microscopy Sciences) and serially sectioned in planes parallel to the axis of the cochlear modiolus from the level of SVGN to that of the utricle. Sections were 3 mm thick, and every sixth section, at an interval of 18 mm, was collected on a glass slide and stained with 1% Toluidine Blue in 1% sodium borate. Sections of utricles and SVGN were studied and photographed using a Leica DMRB light microscope (Leica, Eaton, PA, USA) with SPOT Imaging™ software.
Quantification and statistical analysis
We calculated the density of SVGN nuclei based on plastic sections in each of the following groups: left ears at 1 month, right ears at 1 month, left ears at 3 months and right ears at 3 months. Four ears were analyzed for each group. For each ear, 6 to 8 sections spanning approximately 100e130 mm of SVGN were collected. Four of the slides were randomly chosen for calculation of SVGN density in each ear. We only counted ganglion cells which exhibited a welldefined nucleus and nucleoli. We used the tpsDig software (F. James Rohlf, Ecology & Evolution, SUNY at Stony Brook, Stony Brook, NY, USA) to count the number of SVGN and to measure the area of the profile of the superior vestibular ganglion by tracing the outer edge of each region of SVGN. The density of SVGN was calculated by dividing SVGN number by the area of the profile using Microsoft Excel. Statistical differences were examined using one-way ANOVA (Prism 6, GraphPad Software, Inc., La Jolla, CA, USA), and p value of <0.05 after Bonferroni adjustment for multiple tests was considered significant.
Results
Mortality of mice and gross manifestations of dysfunction after surgery
Approximately 50% (32/67) of mice given 2 ml of streptomycin solution (200 g/l) died just after the infusion. When the same dose was given in a lower volume and higher concentration (1 ml at 400 g/l), the mortality rate decreased to less than 20% (9/47). Severe vestibular dysfunction was detected after the surgery in all surviving mice, manifested by head tilt, circling, and longitudinal body-axis rolling.
Morphological changes of the severely damaged utricular epithelium
In control utricles labeled with phalloidin to visualize the actinrich areas in the sensory epithelium (primarily the HC stereocilia and adherens-type intercellular junctions), HC stereocilia were seen throughout the vestibular sensory epithelium (Fig. 1A) . The bundles of stereocilia and the actin in the intercellular junctions were better visualized at higher magnification (Fig. 1A inset) .
Following the streptomycin injection (400 mg), two types of lesions were found: a moderate lesion with surviving SCs and a few remaining HCs and a severe lesion with a FE and nearly no HCs. Summed over all animals in the study whether examined by immunofluorescence staining, SEM or plastic sections (described below), 18% (13/73) had a moderate lesion and 82% (60/73) had a severe lesion. In the cases with the moderate lesion (Fig. 1B , and in higher magnification in the inset), we observed well patterned SCs and a few HCs with short stereocilia randomly scattered throughout the utricle. This finding was similar to that found in utricles damaged by a lower dose of streptomycin (Wang et al., 2010 (Wang et al., , 2014 . In contrast, animals with a severe lesion displayed an epithelium consisting of large cells with irregular contours (Fig. 1C ). The differences between the striolar and extrastriolar regions of the utricle were erased and indiscernible with the flattening of the epithelium. When viewed on the microscope, the FE of these utricles had an extremely low thickness (distance in the zaxis between the top of the cell and the basement membrane beneath it, not shown). This damaged tissue resembled the FE previously shown in severely deafened auditory epithelia (Izumikawa et al., 2008; Kim and Raphael, 2007; Shibata et al., 2010; Taylor et al., 2012) . At 3 months after the severe lesion (Fig. 1D) , the epithelium was still flat and similar to that seen in the 1 month samples.
Ultrastructure of the epithelial surface of control utricles visualized by SEM showed normal organization of HC stereocilia and kinocilia evenly covering the epithelial surface ( Fig. 2A) . In the minority of lesioned ears, the utricle had SCs that were organized and densely covered with microvilli and a few HCs with short stereocilia and a prominent kinocilium (Fig. 2B ), similar to utricles that received a moderate insult (Kawamoto et al., 2009 ). The majority of ears exhibited a severe lesion at 1 month ( Fig. 2C) : no stereocilia bundles were found and the cells of the vestibular epithelium appeared large and irregularly shaped, resembling the FE seen in the phalloidin-stained whole-mounts. Cells had either a dense coat of microvilli protruding from the cell surface (cell depicted by arrowhead in Fig. 2C and shown in higher magnification in Fig. 2D ) or very sparse microvilli (arrow in Fig. 2C points the cell shown in Fig. 2E ). At 3 months (Fig. 2F) , the epithelium still consisted of large and flat epithelial cells with irregular shapes. No stereocilia were seen among the large and irregular flat cells.
Analysis of plastic sections of a normal utricle showed a full complement of HCs and SCs covered by an otoconial membrane (Fig. 3A) . At 1 month after a severe lesion (Fig. 3B ), HCs and SCs were absent, replaced by a FE, and the otoconial membrane was absent. The FE was composed of a monolayer of very thin flat cells with slender nuclei (arrow in Fig. 3B ). At 3 months after the lesion (Fig. 3C ), the utricular epithelium was still flat, similar to that of the 1 month group animals, and the otoconial membrane was still absent (arrow in Fig. 3C ).
Identification of FE cells based on Myosin VIIa and Sox2
Myosin VIIa is a specific HC marker present in both type I and type II utricular HCs (Hasson et al., 1997) delineating the cytoplasm of all HCs throughout the utricle (Fig. 4A) . At 1 month after the severe streptomycin trauma, double staining with phalloidin and anti-Myosin VIIa antibody revealed a few Myosin VIIa-positive cells in the FE (Fig. 4B) . Most of these HCs had no stereocilia on the surface; but in some cases we observed small stereocilia-like structures (Fig. 4C ) that were thinner than those of new HC bundles in the utricles lesioned by a moderate trauma (Kawamoto et al., 2009; Wang et al., 2010) . At 3 months after the severe insult (Fig. 4D) , the apical contour the FE included some areas with SCs that resembled normal SC apical contour. Myosin VIIa-positive cells were also detected at 3 months. Immature stereocilia-like structures were found on the surface of a few HCs in the FE (Fig. 4E) .
We used anti-Sox2 antibody to label SCs and type II HCs (Oesterle et al., 2008) . In the HC layer of a control utricle, Sox2 was present in the nuclei of a subset of HCs, likely the type II HCs (Fig. 5A) , and the nuclei of SCs at the lower focal plane where they reside (Fig. 5B) , as previously described (Oesterle et al., 2008) . In utricles that were moderately traumatized (Fig. 5C ), Sox2 pattern of expression remained similar to the normal tissue in the SC layer. In severely traumatized utricles with flat epithelia, several configurations of staining for Myosin VIIa and Sox2 were found (Fig. 5DeF 00 ) . Sox2-positive cells were sparsely distributed and their nuclei were larger than those of normal Sox2-positive HCs or SCs (Fig. 5DeD 0 ) . Some cells had Sox2-positive nuclei and Myosin VIIanegative cytoplasm (Fig. 5E) . Of the few Myosin VIIa-positive cells (presumed to be HCs), most were Sox2-positive and a minority were Sox2-negative (Fig. 5E ). Cells in some areas of the FE were negative for both Sox2 and Myosin VIIa (Fig. 5FeF 00 ) , which is different from the normal tissue. 
Alterations of nerve terminals and vestibular ganglion neuron density
The baso-lateral portion of type I HCs is enclosed in a nerve calyx, which can be identified by neurofilament staining. Nerve calyces and nerve fibers were distributed throughout the normal epithelium of the mouse utricle (Fig. 6AeB) . In the FE 1 month after the treatment of streptomycin (Fig. 6CeD) , most calyces were absent, but nerve fibers remained. At 3 months (Fig. 6EeF) , the FE was completely devoid of nerve calyces. The population of nerve fibers associated with the utricle also appeared to be reduced at 3 months compared to 1 month, although a few fibers were still visible at 3 months. Fibers were seen in the same focal plane as the adherens junctions (Fig. 6F) as well as beneath the epithelium (as revealed by confocal optical sections, not shown).
The vestibular ganglion neurons are composed of two populations, SVGN and inferior vestibular ganglion neurons (IVGN, inferior division of vestibular ganglion neurons). Because the afferent fibers in the utricle mainly project to SVGN, we assessed the changes of SVGN in plastic sections. In ears that had FE, revealed by analysis of plastic sections, we performed quantification of surviving neurons. At 1 month after the insult (Fig. 7AeB) , there was no difference of SVGN density between streptomycin-injected (left) ears and non-injected (right) ears, but by 3 months (Fig. 7CeD) , injected ears had a lower number of surviving SVGN than non-injected ears. In addition, lesioned ears exhibited larger stromal intercellular spaces. In the surviving SVGN cells, the cytoplasm and nuclei were well demarcated and normally shaped (Fig. 7C) . The mean density of SVGN in injected ears of 3 month group was significantly lower (p < 0.05) than non-injected ears of 3 month group and lower than injected or non-injected ears of the 1 month group (Fig. 7E ).
Discussion
The mouse model
In this study, we present a mouse model of severe impairment in the utricular epithelium. We determine that a high dose of streptomycin induced degeneration of both HCs and SCs, resulting in a FE. This lesion is different from lesions induced by a lower dose of aminoglycosides Kawamoto et al., 2009; Lopez et al., 1998; Meiteles and Raphael, 1994; Wang et al., 2010) , and from the lesion seen in the Pou4f3 DTR mouse (Golub et al., 2012 ). In The outcome of the ototoxic insult we observe includes a FE in most mice, but in some animals the lesion is moderate and differentiated SCs appear to remain in the epithelium. It is unclear why a fifth of the mice have a moderate lesion that does not involve a FE. We speculate that the variability is due to fluid leakage from the injection site or to variability in sensitivity to ototoxic drugs among animals.
In the study, approximately half of the animals die after the infusion of 2 ml of streptomycin solution at 200 g/l. We then changed the drug regimen by lowering the volume to 1 ml and increasing the concentration to 400 g/l, thus retaining the total amount of drug delivered, and determined that the mortality decreased to less than 20%. The cause of death of mice may be related to activity of streptomycin in the brain, which is connected to the inner ear via the cochlear aqueduct and cerebrospinal fluid.
Vestibular HCs and innervation in the FE
The vestibular epithelium of mammals in vivo has spontaneous HC regeneration after HCs are lost (Forge et al., , 1998 Golub et al., 2012; Kawamoto et al., 2009; Lopez et al., 1998; Rubel et al., 1995; Slowik and Bermingham-McDonogh, 2013) . Both in vivo and in cultured explants, the extent of regeneration in the vestibular epithelium is limited and depends to a large extent on transdifferentiation of SCs (Forge et al., , 1998 Golub et al., 2012; Kawamoto et al., 2009; Slowik and Bermingham-McDonogh, 2013; Tanyeri et al., 1995; Wang et al., 2010 Wang et al., , 2015 Warchol et al., 1993 ). In the current study, a small number of Myosin VIIa-positive cells are sparsely detected in the vestibular FE. We cannot determine whether these are HCs that survived the extremely severe ototoxic insult, or are newly regenerated. The majority of those HCs resemble immature or type II-like HCs (positive for both Myosin VIIa and Sox2, Fig. 5 ), similar to new HCs in the utricle after a moderate injury (Forge et al., 1998; Kawamoto et al., 2009; Wang et al., 2010 ), but we cannot rule out these are HCs that survived the injury. It is unclear whether a subtype of cells within the FE is capable of undergoing transdifferentiation to new HCs, or, some original SCs remain in the epithelium and contribute to the regeneration. Lineage tracing studies of vestibular HCs or SCs are needed to identify the origin of new HCs in the vestibular FE. We observe immature stereocilia-like structures on the surface of a few cells that are positive for Myosin VIIa (Fig. 4) . These structures are thinner and different from new stereocilia on HC in the moderately lesioned epithelium (Kawamoto et al., 2009; Wang et al., 2010 Wang et al., , 2014 . Unequivocal identification is impossible at this stage, but even if they develop into mature functional HCs, their small number makes it unlikely they would meaningfully improve vestibular function.
In the auditory epithelium damaged by aminoglycosides, nerve fibers and neurons die within a few days such that the FE becomes devoid of nerve fibers (Shibata et al., 2010) . In contrast, nerve fibers and SVGNs remain for several months after utricular HCs and SCs are replaced by FE. It is currently unclear what cells, if any, provide neurotrophic support for maintaining vestibular neurons in the absence of HCs and SCs. The presence of SVGNs and fibers in the FE provides a window of opportunity for innervating new HCs when better interventions become available for enhancing their formation.
Surprisingly, the density of SVGNs in non-lesioned ears of the 3 month group shows a trend to decrease compared to both the lesioned and non-lesioned ear of the 1 month group. This decline may have been caused by streptomycin that spread into the nonlesioned ear via the cerebrospinal fluid and resulted in a chronic toxicity of SVGN. 
The origin of flat cells
It is unknown whether the cells of the FE are dedifferentiated SCs or other types of cells that migrated into the sensory area from the flanking regions of the epithelium. In the chick auditory system damaged by severe noise exposure, flat cells are derived from the hyaline cells located along the inferior edge of the basilar papilla, which migrate and invade the sensory area (Cotanche et al., 1995) . In the FE of mammalian cochlea, flat cells are morphologically quite different from the original SCs, and some of their molecular components indicate they have migrated from the flanks (Elizabeth Oesterle, Personal Communication). The newly formed FE in the guinea pig auditory epithelium contains cells that can undergo a phase of proliferation that repopulates the epithelial sheet , further suggesting that the identity of these cells may be different from the original cells. At the gross-morphology level, the current data on the degradation of the vestibular epithelium to the flat stage concurs with findings in the cochlea. Closer examination of the vestibular FE reveals that the cells are not completely homogenous. We observe four kinds of cells that exist in the FE after triple staining by antiMyosin VIIa antibody, anti-Sox2 antibody, and DAPI ( Fig. 5) : Myosin VIIa-positive/Sox2-positive cells, Myosin VIIa positive/ Sox2-negative cells, Myosin VIIa-negative/Sox2-positive cells, and Myosin VIIa-negative/Sox2-negative cells. The two groups of Myosin VIIa-positive cells are readily identified as HCs. With the current methods, we cannot distinguish between HCs surviving the lesion and regenerating HCs. The Myosin VIIa-negative/Sox2-positive cells also are readily identifiable, as SCs. The nuclei of these cells are larger than in the original SCs, possibly because they may be preparing to divide to cover the confluent layer of the epithelium as seen in the FE of the organ of Corti . The identity of the Myosin VIIa-negative/Sox2-negative cells remains to be determined. These cells may be transformed from SCs that have lost some features of SCs (de-differentiation) or they may have migrated from the flanking region. SEM data show that some cells have abundant microvilli cover and others do not (Fig. 2) , but presence or absence of dense microvilli is not enough to determine their origin unequivocally.
Future therapies for the vestibular FE
Inhibition of Notch signaling and Atoh1 over-expression generate new HCs by transdifferentiation of SCs (Kawamoto et al., 2003; Lin et al., 2011; Mizutari et al., 2013; Staecker et al., 2007) . SCs with severely altered morphology are less likely to produce a large amount of new HCs by the above techniques, as was shown in the cochlear FE (Izumikawa et al., 2008) . Instead, stem cell transplantation might be a more promising strategy for placing new HCs in the FE. The slow degeneration of neural components may benefit the re-innervation of new HCs. Feasibility for implanting exogenous cells has been demonstrated for the auditory FE (Lee et al., 2017; Park et al., 2014) and might also be developed for the vestibular organs. It may still be necessary to follow stem cell transplantation with protocols for inducing the transdifferentiation of exogenous cells into vestibular HCs and SCs.
A vestibular prosthesis is under development to treat patients with severe vestibular dysfunction (Hageman et al., 2016; Merfeld et al., 2007; Phillips et al., 2015; Wall et al., 2002) . Similar to the cochlear implant, surviving primary ganglion neurons are the targets of stimulation by the proposed vestibular prosthesis. We now show that nerve fibers and SVGN survive for a while in the severely traumatized mouse vestibular sensory epithelium, which presents a therapeutic opportunity for a vestibular prosthesis. Although nerve fibers and SVGN do degenerate as time advances after the lesion, it may be possible to preserve nerve terminals and neurons in the FE by stimulating them with a prosthesis, as in the auditory system (Pfingst et al., 2015; Ramekers et al., 2012; Roche and Hansen, 2015) . Implanted stem cells and over-expression of neurotrophins (Shibata et al., 2010; Wise et al., 2010) might also be used as adjunct therapies to maintain neural tissue in the vestibular organs.
Conclusions
In this study, a severe lesion in the mouse utricle is induced by a local perfusion of a high dose of streptomycin. In most ears examined, both vestibular HCs and SCs degenerate, leaving behind a FE. A negligible number of Myosin VIIa-positive cells are found in the FE. However, nerve fibers and primary utricular neurons do not undergo a rapid degeneration, thereby presenting a time window for therapies to restore balance by HC regeneration, stem cell therapy or vestibular prosthesis implantation. 
